ABSTRACT: A detailed investigation of the benthic prokaryot~c community from 3 permanently cold stations near Svalbard (Arctic Ocean) and 1 site near Tromss (northern Norway) was conducted. Prokaryotic abundances, determined by DAPI-staining, were in the range of ca 2 X 108 to 4 X log cells cm-3 wet sediment. They showed little variation among sampling stations. Vertical profiles were characterized by a decrease of cell numbers with increasing sediment depth. The prokaryotic community composition was investigated employing rRNA (ribosomal RNA) slot-blot hybridization with domain-specific probes. Irrespective of station and vertical depth, Eubacteria always dominated the population, and the relative contribution of Archaea never exceeded 4 %. The measured total rRNA concentration and the prokaryotic cell counts in each sample were used to calculate per cell rRNA contents. Mean rRNA content (averaging all samples) was close to 3 fg rRNA cell-'. None of our data showed considerable differences to comparable results from temperate or warm habitats; therefore our findings do not allow conclusions on special adaptations of the prokaryotic community to their existence in permanently cold systems. In all samples, but most pronounced in the 3 coldest stations, per cell rRNA contents showed steep vertical gradients with maximum values at the sediment surface. Taking into account all stations, rRNA concentration and prokaryotic abundance were strongly positively correlated below ca 5.5 cm (r2 = 0.739), whereas in the upper sediment layers (0 to ca 5.5 cm) there was no significant correlation between these 2 parameters. This implies that there may be ddferent mechanisms involved in the control of prokaryotic rRNA contents in Wferent sedment horizons. Cellular rRNA concentrations can q v e an indication of growth rate and thereby the activity of prokaryotes. This is supported by the fact that we recorded the highest per cell rRNA contents in those stations and sediment depths where other studies conducted simultaneously with our investigation demonstrated the highest rates of metabolic processes.
INTRODUCTION
Temperatures of 5°C and less prevail in the world's ocean. More than 90% of the water column and most of the seafloor are permanently below 5°C (Morita 1975 , Russel 1990 . While in temperate environments prokaryotic activity usually shows a temperature dependence, with low rates during cold seasons (for review see Rivkin et al. 1996) , the effect of temperature on growth and activity of prokaryotes in permanently cold environments is unclear. To date, numerous data sets for prokaryotic abundances in a wide range of water bodies are available (Caron et al. 1982 , Albright & McCrae 1987 , Cole et al. 1988 , Lochte & Turley 1988 , Berninger et al. 1991 , Sanders et al. 1992 , Parkes et al. 1994 , and, after reviewing 66 studies on the relationship between temperature and bacterial growth rates from pelagic environments, Rivkin et al. (1996) concluded that '...growth rates of bacterioplankton from cold and temperate oceans are similar at their respective ambient temperatures...'. This clearly indicates an adaptation of the pelagic prokaryotic community to permanently low temperatures. In contrast, much less is known about the benthic microbial population in cold environments (Lochte 1992 , Boetius & Lochte 1996 . Krijncke et al. (1994) investigated prokaryotic abundances through vertical profiles in the top 6 cm of sediments along a transect across the Arctic Ocean, looking at differences between shelf environments and deep sea sediments. In their study, prokaryotic numbers were comparable to, albeit on the lower end of, those found in warm or temperate sediments (van Duyl et al. 1993 , Starink 1995 .
A complex community of prokaryotes is responsible for organic matter degradation in marine sediments (Meyer-Reil & Koster 1992 , Fenchel & Finlay 1995 . However, not much is known yet about the quantitative and qualitative composition of benthic prokaryotic communities and how it varies with latitude. New molecular techniques based on hybridization of oligonucleotide probes to ribosomal RNA (rRNA) enable us to differentiate the 2 prokaryotic domains (Eubactena and Archaea) and to determine their abundance on a domain, group, or species level independent of cultivation. This method has been shown to be generally applicable for brect measurements in natural habitats (Stahl et al. 1988 , Amann et al. 1995 , Devereux et al. 1996 , Teske et al. 1996 , MacGregor et al. 1997 . DeLong et al. (1994) showed recently that Archaea are present in high abundances in marine bacterioplankton communities, in particular in antarctic waters. This suggests that Archaea may also be of great importance in cold sediments.
rRNA content of bacteria has been shown to be related to their growth rate (Schaechter et al. 1958) . Therefore, direct quantification of specific rRNA population~ could serve as an indicator of the activity status of a particular community. This is a promising tool, because well-established techniques for the measurement of bacterioplankton growth rates and productivity, e.g. incorporation of radioactively labeled thymidine or leucine, all have some limitations in anoxic sediments (Wellsbury et al. 1996) , mainly because they rely on the uptake of a specific substrate. In particular, Wellsbury et al. (1993) showed that pure cultures of different sulfate reducers and methanogens were unable to incorporate thymidme and would therefore not be accounted for when prokaryotic growth rates were determined with [3H]-thymidine. Since anaerobic processes, mainly sulfate reduction, can account for over 50 % of total carbon mineralization in marine sedi m e n t~ (Jorgensen 1982) , the necessity of taking the anaerobic prokaryotic population into account when investigating marine sediments is obvious.
Based on this apparent lack of knowledge of microbial communities from permanently cold marine sediments, the main aim of our study was to quantify benthic prokaryotes from the Arctic Ocean and, by using domain-specific oligonucleotide probes, to establish the relative abundance of Archaea in these systems. For our investigation we used a novel approach combining 'conventional' and molecular techniques in order to overcome the above-mentioned methodological limitations. We present here preliminary evidence that calculated rRNA content per prokaryotic cell may correlate to activity measurements for specific sampling stations and that it might indicate changing zones of microbial activity and interaction along the vertical depth profile of sedirnents. In order to obtain an even broader understanding of temperature effects it would be desirable to use our approach on permanently warm habitats in the future.
MATERIAL AND METHODS
Study sites and sampling procedure. Our study was conducted as part of a research cruise in the Arctic Sea from Troms0 (northern Norway) to Svalbard (Spitsbergen) in September/October 1995. Sediments from 4 different stations (I: Malangenfjord; 11: Hornsund; 111: Van Mijenfjord and V: Storfjord; Table 1) were investigated. Sediment samples were collected with a multicorer. At each site, 2 subcores with an inner diameter of 48 mm were taken. The individual subcores (our replicates A and B) derived from 2 different multicorer cores. The sedirnents were anoxic below a depth of ca 8 mm (B. B. Jargensen pers. comm.). The overlying water was siphoned off without disturbing the sediment surface and 5 distinct vertical horizons of 2 to 3 cm thickness were sectioned from the upper 30 cm of each core (Table 1 ). The absolute thickness of the individual sediment horizons varied slightly among stations. For easier comparability, an average mean depth of 'ca 5.5 cm' refers to the lower border of the top 2 sediment horizons for all stations. The sediment of each section was carefully mixed and subsamples of 1 or 2 cm3 volume were preserved for further analyses.
Total prokaryotic cell counts. Triplicate subsamples for the enumeration of total prokaryotic abundance in each sediment section were fixed with 4 % (final concentration) glutaraldehyde and kept refrigerated (4°C). For the preparation of microscopic counts small volumes were taken from the well-shaken fixed samples. Sonication of these fixed subsamples in order to separate attached bacteria from sediment particles or to break up bacterial clumps as suggested by Epstein & Rossel (1995) proved to be counterproductive in our system. The sediment was so fine that sonication resulted in a pulverization of the sediment particles RNA extraction and slot-blot hybridization. For the molecular analyses, 2 m1 aliquots of sediment were frozen in liquid nitrogen immediately after sampling and stored at -80°C until further use. Nucleic acids were isolated directly by bead-beating, phenol extraction and isopropanol precipitation, based on the methods described by Stahl et al. (1988) and MacGregor et al. (1997) with slight modifications. Sediment samples were resuspended in NaP0,-buffer (120 mM, pH 8) with 1 % polyvinylpolypyrrolidone (PVPP; acid washed according to Holben et al. 1988 ) and the extraction was done with phenol-chloroform-isoamylalcohol equilibrated with TE-buffer (pH 8). After precipitation the nucleic acids were resuspended in DNase-buffer (6 mM MgC12, 40 mM Tns-HC1, pH 7.5), treated with DNase for 30 min, extracted, and precipitated with ethanol. rRNA was blotted on nylon membranes (Magna Charge, Micron Separations, Westborough, MA, USA) in triplicate and probed with radioactively labeled oligonucleotides (see below) as described previously (Stahl et al. 1988 ). Membranes were prehybridized at 40°C and washed at 44°C (S-'-Univ-1390-a-A-18), 54°C (S-DBact-0338-a-A-18), or 56°C (S-D-Arch-0915-a-A-20). Intensity of hybridization signal was measured with a Phosphor Imager (Molecular Dynamics, Sunnyvale, CA, USA) and quantified according to an Escherichia col1 rRNA standard (Boehringer, Mannheim, Germany). rRNA isolated from Methanolobus tindarius served as standard for hybridization with the archaeal probe. Calculations for prokaryotic rRNA were based on the sum of detected eubacterial and archaeal rRNA.
Oligonucleotide probes. Oligonucleotides were purchased from Biometra, Gottingen, Germany. The probes used were S-'-Univ-1390-a-A-l8 (Stahl et al. 1988) , which targets most known forms of life, S-D-Bact-0338-a-A-l8 (Amann et al. 1990) , which is specific for Bactena, and S-D-Arch-0915-a-A-20 (Stahl & Amann 1991) targeting Archaea. Names given here are according to Oligonucleotide Probe Database conventions (Alm et al. 1996) .
Abundance of prokaryotes cm3 Table 1 ). Sediment depths refes to the mean depth of the respective sample-40) Core A; (0) core B. Error bars indicate counting variability
RESULTS

Bacterial abundances and vertical distribution
Total prokaryotic abundances were in the range of ca 2 X 10' to 4 X log cells cm-3 of wet sediment (Fig. 1) and did not differ greatly among stations. In Stn I, at a bottom water temperature of 7"C, the warmest site, prokaryotic cell numbers peaked at the sediment surface (3 X log and 1.2 X 10' cells cm-3 in the parallel cores A and B, respectively) and generally decreased with increasing sediment depth. In contrast, in all sedirnents collected from the colder Svalbard region, with the exception of one core, prokaryotic cell numbers reached medium values at the sediment surface (9.2 X 108 to 2.3 X log cells cm-3), showed a slight subsurface peak at 5 to 10 cm depth (1.2 X log to 3.5 X log cells cm-3) and were lowest in the deepest sediment horizons investigated (20 to 30 cm depth; 2.4 X 108 to 1.5 X log cells cm-3). % Archaea In total prokaryotic community
Bacterial community structure
Slot-blot hybridization allowed differentiation between Archaea and Bacteria, and the calculation of their relative contributions to the total prokaryotic community. All stations and all sediment depths were clearly dominated by Bacteria, making u p at least 96% of the prokaryotic rRNA (Fig. 2) . The relative contribution of Archaea was different at Stn I to that at the 3 Svalbard stations (Stns 11,111, and V). At Stn I the percentage of Archaea was increasing with depth (1.2 to 3.9 %). At the 3 Svalbard stations, Archaea had a peak at the surface (around 1.5 %) decreased to 0.6-1 % at a depth of 11 cm and increased again below 15 cm depth to a maximum of 1.4-3 %. Absolute recovery of archaeal rRNA was highest near the sediment surface, with up to 250 ng archaeal rRNA cm-"sediment. Recovery decreased rapidly with increasing sediment depth and was in the range of < 10 to ca 40 ng cm-3 below 5 cm depth, following the patterns observed for the distribution of total prokaryotic rRNA.
vertical distribution (Fig. 3) . At all stations, concentrations were highest directly at the sediment surface and decreased with sediment depth. The highest concentrations were measured at Stn 11, where they exceeded the values of all other stations at each depth (numbers are for the parallel cores A and B, respectively): 15.4 and 24.4 pg bacterial rRNA cm-3 at the sediment surface and 0.7 and 1.1 pg rRNA cm-3 in the deepest investigated horizon, at 26.5 cm depth. The other stations differed mainly in the total rRNA concentrations at the sediment surface (4.2 and 4.1, 9.5 and 5.2, and 10.7 and 11.3 1-19 rRNA cm-3 in the 2 parallel cores A and B from Stns I, V and 111, respectively). Values decreased sharply underneath the sediment surface, and below ca 5 cm depth the vertical differences and the differences between the stations I, 111 and IV became smaller (ranges for differences in maximum and m~nimurn values between stations from 2-1.3 to 0.08-0.3 1-19 rRNA cm-3).
total concentration of prokaryotic rRNA in . At the mainland station (Stn I), the maximum rRNA content per prokaryotic cell was found in a subsurface sediment layer at 6.5 cm depth (4 fg rRNA cell-'); at all other depths, including the sediment surface, each prokaryote contained on average 2 fg rRNA or less. The mean rRNA content of the cells (averaging all samples) was close to 3 fg rRNA cell-'. We also investigated the correlation beTotal 16s rRNA (ng cm" sediment) tween abundance of prokaryotes and the 40), we could not detect a statistical significance for such a correlation (r2'= 0.222). However, when we differentiated 2 distinct vertical horizons within the sediment column (from the sediment surface down to ca 5.5 cm and below ca 5.5 cm depth), we obtained a different result. There was still no statistically significant correlation between prokaryotic cell numbers and rRNA concentration in the upper sediment layer (r2 = 0.007), but the 2 parameters were strongly positively correlated in the deeper sediment samples (r2 = 0.739). This correlation was even stronger when the data sets for only the 3 Svalbard stations were considered (r2 = 0.821). could not confirm this hypothesis (Fig. 1) . The abundances and vertical distribution of prokaryotes we found in our sediment samples were comparable to results obtained from a large variety of temperate marine and freshwater sedirnents (van Duyl & Kop 1990 , Parkes et al. 1994 , Epstein & Rossel 1995 , Hondeveld et al. 1995 , Starink 1995 , Gieseke 1997 . Given the relatively high absolute rates of organic matter degradation suggested for our systems (Nedwell et al. 1993 , Arnosti et al. 1998 , Sagemann et al. 1998 this implies that per cell prokaryotic activity cannot be lower in the cold temperature environments. As opposed to obtaining only prokaryotic cell numbers, the calculation of cellular rRNA contents may serve as an indicator for prokaryotic activity.
DISCUSSION
Cellular rRNA contents as compared to metabolic activity at different stations
One of the earliest fundamental observations in microbial physiology was the detection of a correlation between cellular ribosome (rRNA) content and growth rate of bacteria (Schaechter et al. 1958 ). However, there seems to be no universal relationship between Bacterial abundance prokaryotic activity and rRNA content. Kemp et al. (1993) investigated 4 marine bacterial isolates and The limited available literature data for microbial found no common conversion factor between rRNA processes in cold environments suggest that the rates contents and growth rate, although each individual of degradation of organic matter are comparable to isolate showed a close coupling between the 2 parathose of temperate regions (Nedwell et al. 1993 , meters. Furthermore, Jeffrey et al. (1996 found no sig- Arnosti et al. 1998 , Sagemann et al. 1998 . In contrast to this, there is some indication activity of bacteria decreases with decreasing temperatures (Mayer 1989 , van Duyl & Kop 1990 . One explanation for this discrepancy could be that prokaryotic cell numbers in cold environments may be higher than those of temperate regions, resulting in a higher overall turnover rate. The results of the enumeration of total prokaryotes in sediment samples collected in our arctic study sites "Based on 16s and 23s rRNA with an average size of 4500 bases, a ribosome has an approximate mass of 2.6 X 10-3 fg nificant relationship between RNA:DNA ratios and either I3H]-thymidine or [14C]-leucine incorporation for marine picoplankton. This implies that due to the low metabolic activity and the heterogeneity of the natural prokaryotic community it may be difficult to use these general parameters as indicators for the whole prokaryotic community. Bearing these limitations in mind, we calculated the average amount of rRNA per cell by dividing the sum of total prokaryotic rRNA by the number of DAPI-stained cells (Fig. 4) . Based on the simplified assumption that all prokaryotes in our sediment samples had the same amount of rRNA, our calculations yielded a range for rRNA content per cell for the 3 Svalbard stations of < 2 to 9 fg cell-' or an average of approximately 1000 ribosomes. These numbers fall well within those determined for planktonic bacteria from temperate environments by Jeffrey et al. (1996) (9.44 + 6.25 fg cell-') and Lee & Kemp (1994) (1.6 to 5.4 fg cell-'). Cellular rRNA concentrations have also been studied with pure cultures. When investigating a culture of Desulfovibrio sp, in a chemostat under conditions of slow growth (35 h generation time), Poulsen et al. (1993) found a per cell rRNA content of 30 fg. This is approximately 10 times higher than the amount calculated for our sediment samples. However, the same species had a significantly lower rRNA content in an established biofilm, as could be seen by a significantly lower fluorescence intensity during in situ hybridization. This shows that cellular rRNA in a multispecies community can be considerably lower than in slowly growing pure cultures.
A further question in our study was whether cellular rRNA contents may be related to in situ activity. The highest rRNA content per cell among our sites was found at Stn 11, which had the warmest bottom water temperature (2.6"C) among the stations from Svalbard. Rates of polysaccharide hydrolysis and oxygen consumption (Arnosti et al. 1998) , nitrate reduction (B. Thamdrup pers, comm.) and sulfate reduction (Sagemann et al. 1998) , measured at in situ temperature during the same cruise as that of our study, were all highest at this station. This suggests that the average rRNA content per cell reflects the activity of the whole prokaryotic community and might serve as an indicator for prokaryotic activity, at least when habitats of similar temperature range and local proximity are compared. The same conclusions can be drawn when comparing per cell rRNA contents and sulfate reduction rates measured in parallel samples from a single vertical profile. Sagemann et al. (1998) described low (sulfate reduction) rates below a depth of 15 to 20 cm for all stations, which coincides with the depth where, based on our calculations, the rRNA content per cell reached the minimum at all stations.
Vertical rRNA profiles
While Jeffrey et al. (1996) reported a positive correlation between prokaryotic abundance and total prokaryotic rRNA concentration in all their samples, we could only confirm this for sediment layers below 5.5 cm for the Svalbard stations and for depths below 6.5 cm for Stn I (Table 3 ). In the top layers of the sediments investigated we found a large variety of rRNA contents for individual bacteria, including very high values of almost 10 fg cell-' down to a minimum of 2 fg cell-'. This lack of correlation in the sediment surface has also been found in sediment samples from the Baltic Sea off the Danish coast (K. Sahm, B. J. MacGregor & D. A. Stahl unpubl. data) . It implies that different factors may be involved in the regulation of prokaryotic rRNA content in the upper layers of the sediment compared to deeper horizons. The missing correlation between cell number and recovered rRNA could reflect a more complex prokaryotic population closer to the sediment surface, consisting of different species with different rRNA contents due to speciesspecific properties, different cell sizes, different metabolic activity states, or a combination of all. These questions are difficult to address with the cell-disruptive method employed in our study. For future investigations, in situ hybridization with specific fluorescently labeled rRNA-targeted oligonucleotide probes promises to be an appropriate method to study speciesspecific differences within complex microbial communities, but it still has to be optimized for use in sedim e n t~.
A further reason for the missing correlation of recovered rRNA and prokaryotic cell number near the sediment surface could lie within trophic interactions. In contrast to pelagic systems, little is known so far on the relative importance of nutrient supply and grazing pressure from benthic protozoa and meiobenthos as control factors for the abundance and activity of benthic prokaryotes (Wright 1988 , Epstein & Shiaris 1992 , Berninger & Epstein 1995 , Hondeveld et al. 1995 , Starink et al. 1996 . Grazing pressure may be higher in the top ca 5.5 cm of the sediment, where Pfannkuche & Thiel (1987), when investigating sediment samples from different stations on the northeast-Svalbard shelf and in the arctic Nansen Basin, found 95% of the meiobenthos to be present. Differences in nutrient availability, degradability of organic matter, and grazing pressure compared to deeper sediment layers could explain the higher prokaryotic rRNA content and its larger variation in the sediment surface samples. It remains to be determined how far recovery of rRNA due to differences in sediment matrix and in cell lysis efficiency gives a bias to our results. We regard the comparability of the results from stations with obvi-ously difference sediment types as an indication that this bias is of negligible importance.
In summary, our results show that the depth profile of the rRNA content per cell indicates 3 zones in the sediment profile. The first zone is the upper 5 to 6 cm, where we see no correlation between prokaryotic abundance and rRNA recovery, possibly reflecting complex interactions between the procaryotes and a diverse population of micro-, meio-and macroorganisms. This is followed by a second zone of decreasing cellular rRNA content at a depth of ca 5.5 to 9 cm (Stn 111) or ca 5.5 to 17 cm (all other stations). Here, prokaryotic activity, for example in the form of sulfate reduction, is measurable but nutrient supply is Likely lower and interactions with meiobenthos might be less important. The third zone is below 15 cm depth. It is a zone where sulfate reduction as well as rRNA concentration per cell are low, possibly indicating a dormant prokaryotic population.
Archaea in permanently cold sediments
In recent molecular studies it has been recognized that Archaea, long thought to be restricted to extreme environments, are common and widespread in nonthermophilic marine and freshwater habitats (DeLong et al. 1994 , Fuhrman & Davis 1997 , MarGregor et al. 1997 , Massana et al. 1997 . Newly identified types of Archaea play a significant role in the marine picoplankton community with archaeal rRNA accounting for more than 20% of the total prokaryotic rRNA in a temperate coastal habitat and for up to 34 % in coastal antarctic surface water (DeLong et al. 1994 , Massana et al. 1997 . As representatives of these newly found types are as yet uncultured, their role in the ecosystem is unknown. In contrast to the published results from the pelagic zone, Archaea never exceeded 4 % of the total prokaryotic community in our sediment samples. Our results compare well with results from freshwater sediments, where archaeal rRNA amounted to approximately 1 % of the total prokaryotic rRNA (B. MacGregor pers. comm.), and. to results from sediment samples taken from the Baltic Sea, where Archaea contributed between 1 and 1 2 % of the total prokaryotic rRNA (Sahm et al, unpubl. data) . MacGregor et al. (1997) d.iscussed specific recovery problems for archaeal rRNA d.ue to inefficient cell lysis. Differences in the sediment matrix along the depth profile may also affect recovery rates of rRNA. It remains to be determined whether this gives a strong bias for sediment samples in particular, before we can draw final conclusions on the relatively small contribution of Archaea to the total prokaryotic community in the examined samples. The current results indicate that Archaea play only a minor role in benthic environments and. that there is no significant difference in the occurrence of Archaea between permanently cold and temperate habitats
In conclusion, our investigation of the prokaryotic community of permanently cold arctic sediments yielded less differences to results obtained from temperate regions than we had expected based on existing data sets. This implies that factors other than temperature may be more important in regulating prokaryotic abundances, growth rates and communiy composition in these systems. While this is surprising in view of findmgs from laboratory cultures, it is consistent with other field studies (Rivkin et al. 1996) . Furthermore, we demonstrated that the simplified approach of calculating cellular rRNA on the basis of rRNA slot-blot hybridization and total cell counts could indicate general prokaryotic activity in a certain habitat and for different activity zones in our sediment samples.
